Introduction
============

Skin marker-based motion capture has been widely applied for measuring canine gait kinematics in three-dimensional (3D) or two-dimensional (2D) space ([@ref-15]; [@ref-22]; [@ref-31]; [@ref-60]), yielding quantitative information regarding the biomechanics of the joints in normal and abnormal states ([@ref-8]; [@ref-15]; [@ref-42]; [@ref-51]). However, it is acknowledged that markers attached to the skin surface become displaced with respect to the underlying skeleton along with movement of the body ([@ref-34]). Such skin marker movement results in "soft tissue artifacts" (STAs) or "skin movement artifacts" that diminish the accuracy of the reconstructed motion variables and are difficult to eliminate with common mathematical filters.

According to the STAs of individual markers attached to the limbs, clusters formed by markers on a segment were found to translate and rotate with respect to the underlying bone and deform from their original shape during body exercise ([@ref-19]; [@ref-24]), leading to error in the measured segment poses and the calculated joint kinematics ([@ref-39]). Regarding human motion analysis, STA-related studies have quantified the amplitudes, patterns and influence of STAs ([@ref-2]; [@ref-5]; [@ref-26]; [@ref-32]; [@ref-36]; [@ref-63]) and explored the hidden factors that affect them ([@ref-18]; [@ref-35]; [@ref-39]). It is generally accepted that STAs are considered subject-, location- and task-specific ([@ref-34]; [@ref-46]). In particular, distinct motion tasks with inconsistent ranges of joint motion have been shown to lead to different STA magnitudes for individual markers ([@ref-2]; [@ref-62]), which further differently affect the calculated segment and knee kinematics ([@ref-2]; [@ref-6]; [@ref-36]; [@ref-46]; [@ref-55]). Even under well-controlled coherent motion, loading conditions that affect the activities of the underlying muscles can cause the magnitudes of the STAs to vary ([@ref-35]). Physical characteristics of the body, such as obesity, age and total knee replacement, have also been reported to influence STAs and their impacts on the description of knee kinematics ([@ref-18]; [@ref-39]). Considering the conspicuous differences in body shape and gait characteristics between species, there is no direct evidence that the STA patterns from the human lower limb during gait can accurately reflect marker movements in the canine hindlimb. In the context of human STAs, the modeling of STAs ([@ref-9]; [@ref-20]) and error-compensation approaches, such as single-body optimization ([@ref-17]), multibody kinematics optimization with joint constraints ([@ref-44]; [@ref-50]) and calibration procedures ([@ref-12]), have been proposed in an attempt to improve the accuracy of marker-based motion analysis.

In canine gait analysis, STAs were first revealed and characterized by deformation of the calculated segment length during the gait due to the resulting skin movement ([@ref-29]; [@ref-53]). To assess the STA of individual markers, fluoroscopic analysis was conducted to quantify the planar displacement of radiopaque markers over anatomical bony landmarks ([@ref-53]). To determine 3D marker-level STAs, STA-free marker trajectories as a reference are required and can be reconstructed from the known kinematics of bones. Model-based fluoroscopy analysis integrating real-time fluoroscopy and computed tomography (CT) are viable methods for reproducing the kinematics of canine hindlimb segments ([@ref-21]; [@ref-27]; [@ref-28]). With a similar approach, the 3D displacement patterns of skin markers on the thigh and crus of dogs during isolated, passive stifle motion have been derived ([@ref-37]). Rigid and nonrigid cluster-level STAs and various combinations of clusters in determining canine stifle joint angles have also been quantified ([@ref-43]).

Previous studies have demonstrated the existence of STAs during voluntary gait in dogs ([@ref-29]; [@ref-53]), and others have explored the magnitudes and patterns of marker-level ([@ref-37]) and cluster-level STAs ([@ref-43]) based on the kinematics data of passive and isolated stifle flexion movement. However, during dynamic ambulation, which combines multiple joint motions, muscle contractions and inertial effects, the behavior of STAs and how the STAs affect the kinematic analysis of canine hindlimbs are unclear. No study has yet reported the STAs of individual markers and their related effects on computed stifle angles during canine gait. Therefore, this study aimed to assess the STAs of markers on the thigh and crus during voluntary gait activity in dogs and to quantify their influence on determining the poses of body segments and on the errors of the computed stifle joint angles.

Materials and Methods
=====================

Dogs
----

Thirteen client-owned, adult Taiwan dogs (age: 3.3 ± 1.3 years; weight: 19.2 ± 3.6 kg; body condition score (BCS): 4.6/9, [Table 1](#table-1){ref-type="table"}) were recruited for the study. No discernible abnormalities were detected on orthopedic or hindlimb radiographic examination, which was conducted by two experienced veterinary surgeons (CHW and SNW). BCS is a visual and palpated assessment of the amount of fat covering the bones of a dog regardless of body size ([@ref-33]); it was set to be within 4 to 6 in the present study to exclude enrolling over- or underconditioned dogs. The study was approved by the National Taiwan University's Institutional Animal Care and Use Committee (No: NTU106-EL-00221) and the University Hospital's Clinical Trial/Research Committee (Approval No: 000041). Owners were informed of the experiment content and provided written informed consent prior to the experiment. Notably, the dogs enrolled in the study were all different from those in our previous related studies ([@ref-37]; [@ref-43]).
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###### Canine subject signalment.
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  Subject No.   Sex   Age (year)   Weight (kg)   Body condition score
  ------------- ----- ------------ ------------- ----------------------
  1             F     6            23            6
  2             F     3            22            4
  3             F     2            15            5
  4             F     2            20            4
  5             F     3            15            4
  6             F     2            24            5
  7             F     3            15            4
  8             M     3            15            4
  9             M     3            19            5
  10            F     3            21            5
  11            M     6            22            5
  12            M     4            16            4
  13            M     3            23            5
  Average       n/a   3.3          19.2          4.6

Bone model reconstruction
-------------------------

Computed tomography (Activion 16, Toshiba Medical Systems Corporation, Tochigi, Japan) images of the pelvic limbs of each dog completely covering the pelvis and right femur, tibia, fibula and foot bones were obtained with a voxel size of 0.625 mm × 0.625 mm × 0.3 mm. Contours of the femur and tibia were semimanually identified on all CT slices with the seeded region growing algorithm ([@ref-48]). Hounsfield unit values of voxels exterior to the segmented boundaries were set to −1,000. The volumetric bone model was obtained by extracting a sub-volume from the processed CT volume containing the target bone ([Fig. 1E](#fig-1){ref-type="fig"}) ([@ref-38]). A polygon-meshed surface model of the bone ([Fig. 1E](#fig-1){ref-type="fig"}) was also generated based on the segmented contours using the marching cube algorithm ([@ref-41]). Bone-embedded anatomical frames were determined for the femur (AF~*fe*~) and tibia (AF~*ti*~) ([Fig. 1F](#fig-1){ref-type="fig"}). Sites of anatomical landmarks and the determination of anatomical axes were described in [@ref-22]. The origin of the AF~*fe*~ was defined at the midpoint of the femoral epicondyles, and that for the AF~*ti*~ was defined at the proximal tibial crest. The 3D coordinates of the landmarks were manually identified from the surface models of the respective bones. All data processing for model reconstruction was performed using self-developed software implemented in MATLAB with the Image Processing Toolbox (MATLAB, 2017b; The Mathworks Inc., Natick, MA, USA).

![Procedures for motion data acquisition and reconstruction.\
(A) A total of twenty markers were attached to each dog's right hindlimb. Six markers were placed on anatomical landmarks, namely, the greater trochanter (GT), lateral femoral condyle (LFC), fibular head (FH), proximal and distal tibial crests (PTC and DTC) and lateral malleolus (LM). The others were evenly distributed on the cranial and lateral skin surfaces of the thigh and crus. Three lateral thigh markers (LT1-3) were evenly distributed between the GT and LFC. The cranial thigh markers (CT1-3) were attached to cranial surfaces at a height equal to that of the lateral markers while the subject was standing still. The craniolateral thigh markers (CLT1-3) were placed between the cranial and lateral markers. The crus marker locations were designed in a similar manner, except for the craniolateral and cranioproximal markers, given that the tibia and regions were occupied by the anatomical landmark markers. (B) After the markers were attached, the dogs were then instructed to walk on the treadmill while the fluoroscopy system and motion capture system were operated to collect (C) X-ray fluoroscopic images and (D) marker trajectories. (E) The dogs also underwent CT imaging to obtain subject-specific image volumes, which were then processed, segmented and reconstructed to generate computerized bone models. (F) With the surface bone models, anatomical frames of the femur and tibia were determined. (G) Three-dimensional skeletal poses were reconstructed using a model-based fluoroscopy analysis method.](peerj-08-9379-g001){#fig-1}

Motion acquisition
------------------

Twenty spherical, infrared-reflective markers with a diameter of 8 mm were attached to the skin surface of the right hindlimb of each dog, including 11 markers on the thigh and 9 on the crus, as shown in [Fig. 1A](#fig-1){ref-type="fig"}. Detailed descriptions of the marker locations are provided in [Table 2](#table-2){ref-type="table"}. Hair was first clipped locally to facilitate marker attachment; the markers were attached by one veterinary surgeon (SNW) using cyanoacrylate and an over-layer of adhesive tape. During marking and marker attachment, the dogs were kept awake and standing still on the ground.
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###### Marker locations on the canine hindlimb for soft tissue artifact analysis.

The \* symbol represents markers attached to anatomical landmarks.
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  Segment   Marker                                                                                                       Description
  --------- ------------------------------------------------------------------------------------------------------------ ------------------------------------------
  Thigh     GT\*                                                                                                         Greater trochanter (anatomical landmark)
  LFC\*     Lateral femoral condyle (anatomical landmark)                                                                
  LT1       The marker attached to the lateral thigh and located \~25% down the line from the GT to the LFC              
  LT2       The marker attached to the lateral thigh and located in the middle between the GT and the LFC                
  LT3       The marker attached to the lateral thigh and located \~75% down the line from the GT to the LFC              
  CT1       The marker attached to the cranial aspect of the thigh at the same height as LT1 in the standing posture     
  CT2       The marker attached to the cranial aspect of the thigh at the same height as LT2 in the standing posture     
  CT3       The marker attached to the cranial aspect of the thigh at the same height as LT3 in the standing posture     
  CLT1      The marker attached to the craniolateral aspect of the thigh and located in the middle between CT1 and LT1   
  CLT2      The marker attached to the craniolateral aspect of the thigh and located in the middle between CT2 and LT2   
  CLT3      The marker attached to the craniolateral aspect of the thigh and located in the middle between CT3 and LT3   
  Crus      FH\*                                                                                                         Head of the fibula (anatomical landmark)
  LM\*      Lateral malleolus (anatomical landmark)                                                                      
  PTC\*     Proximal tibial crest (anatomical landmark)                                                                  
  DTC\*     Distal tibial crest (anatomical landmark)                                                                    
  LC1       The marker attached to the lateral crus and located \~25% down the line from the FH to the LM                
  LC2       The marker attached to the lateral crus and located in the middle between the FH and the LM                  
  LC3       The marker attached to the lateral crus and located at \~75% down the line from the FH to the LM             
  CC2       The marker attached to the cranial aspect of the crus at the same height as LC2 in standing posture          
  CC3       The marker attached to the cranial aspect of the crus at the same height as LC3 in standing posture          

Prior to motion data acquisition, a C-arm fluoroscopy system with a 30-cm-diameter image intensifier (Arcadis Avantic; Siemens Healthineers, Munich, Germany), a nine-camera motion capture system consisting of 6 Bonita B10 and 3 Vero cameras (Vicon Motion Systems Inc., Oxford, UK) and a dog treadmill (PetRun PR720F, Iwate International Developing Co., Ltd., Taiwan) were set up in an X-ray-shielded surgical room ([Fig. 1B](#fig-1){ref-type="fig"}). Intrinsic parameters describing the fluoroscopic projection model and the fluoroscopic reference frame (RF~*f*~) were determined through a calibration procedure using images of a custom-made calibration object ([@ref-3]). Extrinsic parameters describing the transformation between the RF~*f*~ and the reference frame provided by the motion capture system were obtained by spatially registering the coordinates of six designated markers in two reference frames ([@ref-37]).

The dog was then instructed to walk on the treadmill at a speed of 2.5 kph (\~0.7 m/s) in a natural cadence ([Fig. 1B](#fig-1){ref-type="fig"}). The speed was set according to the results of previous studies ([@ref-47]) and to avoid the blurring of fluoroscopic images. Fluoroscopy was operated in digital cine mode (tube voltage: 53.4 ± 0.9 kVp; tube current: 27.2 ± 2.9 mA) to collect mediolateral fluoroscopic images at a frame rate of 30 fps and a resolution of 1024 × 1024 pixels ([Fig. 1C](#fig-1){ref-type="fig"}). Meanwhile, the motion capture system was operated at 120 fps to acquire skin marker trajectories ([Fig. 1D](#fig-1){ref-type="fig"}). Overall, three successful trials involving at least three full gait cycles (GCs) for each trial were collected. For each trial, a full GC with better image quality compared with multiple other GCs was manually chosen for subsequent analysis. All dogs were trained for three sessions in a month to adapt to walking on the treadmill prior to motion capture. In addition, subject calibration was performed to acquire images and marker data when the dog stood still on the inactive treadmill.

Reconstruction of stifle kinematics
-----------------------------------

The 3D positions and orientations (i.e., 3D poses) of the femur and tibia were reproduced by best matching the corresponding volumetric bone models to the single-plane fluoroscopic images using a 3D/2D image registration method ([@ref-40]). Image registration was automatically conducted frame-by-frame for images over a full GC using self-developed software ([Fig. 1G](#fig-1){ref-type="fig"}) ([@ref-38]; [@ref-40]), and the whole process was repeated three times. The 3D positions and orientations obtained from the multiple image registrations (*n* = 3) were averaged to give the final estimation of bone pose. A preliminary study was conducted to assess the accuracy of the image registration based on a cadaveric canine hindlimb during simulated gait. The mean absolute errors of the determined bone poses were less than 0.38 mm for the in-plane translations, 1.62 mm for the out-of-plane translations and 0.53° for all rotations.

Motion analysis software (Nexus; Vicon Motion Systems Inc., Oxford, UK) was used to preprocess and label the marker trajectories, which were then exported and expressed in RF~*f*~ after the coordinate transformation with extrinsic parameters. At the subject calibration trial, given the reproduced bone poses from model-based fluoroscopy analysis, position vector of each marker with respect to the AF of the underlying bone was derived and denoted as "local marker" in the current study ([@ref-37]). Following the 4-marker cluster convention ([@ref-13]), any four arbitrary local markers on one segment can constitute a cluster template. The marker-determined 3D pose of a segment was determined using a pose estimator by best registering the cluster template to the measured skin markers ([@ref-56]). Due to the existence of STAs, the marker-determined poses of body segments may not coincide with the bone-determined poses. Given the 3D segment poses, the stifle joint angles were calculated as the rotation of the crus with respect to the thigh and are expressed in Cardan angles using a *z*-*x*-*y* sequence ([@ref-65]), giving the joint angles in the sagittal plane (flexion/extension, Flex/Ext), dorsal plane (internal/external rotation, I/E rotation) and transverse plane (adduction/abduction, Add/Abd).

STA analysis
------------

To assess marker-level STAs, the position vectors of all the markers in the corresponding AF were obtained given the bone-determined segment poses for each instant during the GC. The position vector of a marker can vary during gait owing to soft tissue deformation; thus, the mean position vector was determined over the full GC. For each marker at each instant, the total displacement amplitude and the amplitude components along the cranial/caudal (C/C), proximal/distal (P/D) and lateral/medial (L/M) axes were obtained by subtracting the mean vector from its position vector. The root-mean-square amplitude (rmsa) across the *N* instants during a full GC were analyzed, indicating the levels of the STAs for the markers ([@ref-16]). In addition, peak-to-peak amplitude, $\documentclass[12pt]{minimal}
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}{}$\Delta {p_c}$\end{document}$ (*c* = C/C, P/D and L/M), were also quantified to represent the maximum variation of marker displacement ([@ref-16]).

To assess the influence of STAs on canine gait analysis, errors in the marker-determined segmented poses and joint kinematics were quantified. Three different marker cluster compositions were chosen for assessment. The first cluster (M1) consisted mainly of markers on anatomical landmarks, including the greater trochanter (GT) and lateral femoral condyle (LFC) of the femur and fibular head (FH), proximal and distal tibial crests (PTC and DTC) and lateral malleolus (LM) of the tibia/fibula. Two additional markers at the cranial aspect of the thigh (CT1 and CT3) were included to comply with the 4-marker convention and avoid collinearly aligning markers that shared the highest isotropic index value ([@ref-13]). The isotropic index, defined as the ratio of the two prevailing axes of the distribution of the markers, was computed to quantify the level of collinearity among the markers. The smaller the isotropic indices were, the more collinear the markers. A minimum isotropic index of 0.5 was suggested for the marker compositions, as the collinear markers are insufficient for estimating orientation with the pose estimator ([@ref-13]). The second cluster (M2) consisted of the suggested set of markers with the smallest rigid cluster-level STAs during isolated stifle motion ([@ref-43]). The third (M3) consisted of markers with isotropic indices greater than 0.5 and with the smallest cumulative marker-level STAs found in the current study. With the chosen cluster templates (M1, M2, and M3), the corresponding marker-determined segment poses and joint angles were calculated. All kinematic variables at every 1% of the normalized GC from paw contact (0%) to the next paw contact (100%) were obtained by piecewise cubic interpolation and then averaged across three trials for individual dogs. We then quantified the orientation deviations of the marker-determined segment poses with respect to the bone-determined poses during the GC. Orientation deviations are expressed in terms of L/M tilt about the C/C axis, I/E rotation about the P/D axis and C/C tilt about the L/M axis of a body segment. Root-mean-square deviations (rmsds) over the stance phase, swing phase and the full GC were assessed. Marker-determined and bone-determined stifle Flex/Ext, I/E rotation and Abd/Add were compared by paired *t*-test with a significance level of 0.05, and their differences were assessed with the rmsd. All numerical and statistical analyses were performed using MATLAB (MATLAB 2017b; The Mathworks Inc., Natick, MA, USA).

Results
=======

The cranial thigh markers (CT1-3) had greater STAs than the craniolateral and lateral thigh markers during the GC, for which the averaged rmsa and $\documentclass[12pt]{minimal}
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}{}$\Delta {p_{\max }}$\end{document}$ reached 15.5 mm and 47.9 mm, respectively. Proximal/distal displacement was the primary STA component for the cranial thigh markers, while C/C displacement was mainly found for the lateral thigh markers, including those of the GT and LFC. The craniolateral thigh markers (CLT1-3) exhibited similar STA patterns to those of CT1-3 but with a smaller error amplitude in the P/D direction ([Figs. 2](#fig-2){ref-type="fig"} and [3](#fig-3){ref-type="fig"}). The crus markers had lower STAs, for which the averaged rmsa and $\documentclass[12pt]{minimal}
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}{}$\Delta {p_{\max }}$\end{document}$ were less than 5.3 mm and 18.2 mm, respectively. The P/D rmsa, ranging from 3.5 mm to 4.7 mm, was the primary error component for the FH, PTC and LC1 and the most prominent STA on the crus ([Fig. 2](#fig-2){ref-type="fig"}). The averaged rmsa values in the L/M direction were below 4.1 mm for the thigh markers and 1.4 mm for the crus markers ([Fig. 2](#fig-2){ref-type="fig"}).

![Boxplot of the root-mean-square amplitude (rmsa) of the marker displacement errors across all dogs (A--T).\
The central lines and dots indicate the median and mean values, respectively. The top and bottom sides of the box represent the 75th and 25th percentiles of the error distribution, respectively, and the whiskers indicate the extreme values. Outliers are not shown.](peerj-08-9379-g002){#fig-2}

![Boxplot of the peak-to-peak amplitude of the marker displacement errors across all dogs (A--T).\
The central lines and dots indicate the median and mean values, respectively. The top and bottom sides of the box represent the 75th and 25th percentiles of the error distribution, respectively, and the whiskers indicate the extreme values. Outliers are not shown.](peerj-08-9379-g003){#fig-3}

During the stance phase, the stifle flexion angles varied from 38.7° to 49.7°, during which the cranial thigh markers were displaced proximally and the laterodistal markers (LT2, LT3, and LFC) exhibited cranial displacement ([Fig. 4B](#fig-4){ref-type="fig"}). The GT marker exhibited displacement opposite to that of the laterodistal markers ([Fig. 4B](#fig-4){ref-type="fig"}). The crus markers closer to the stifle joint were also displaced proximally in the stance phase, while the others moved in inconsistent directions with magnitudes below 4.3 mm ([Fig. 4C](#fig-4){ref-type="fig"}). In the swing phase, stifle flexion increased and reached a maximum angle of 80.3° near the middle of the period (77% GC) ([Fig. 4A](#fig-4){ref-type="fig"}). During 60--80% GC, the markers generally moved in directions opposite to those during the stance phase with slightly greater displacement ([Figs. 4D](#fig-4){ref-type="fig"} and [4E](#fig-4){ref-type="fig"}). During the terminal swing, the markers gradually returned to their original locations by the next paw contact (0%).

![Soft tissue artifact patterns on the thigh and crus during the gait cycle.\
(A) The means (black solid lines) and standard deviations (black dashed lines) of the stifle flexion angles of the right hindlimb during a complete stride. (B and C) In the stance phase, the average displacement of the skin markers from paw contact (0%, green) to paw off (60%, red) are displayed. The white spheres indicate the original marker locations measured during subject calibration, with the dog standing still. (D and E) In the swing phase, the average displacements of the markers from paw off (60%, red) and mid-swing (80%, yellow) to the next paw contact (100%, green) are displayed.](peerj-08-9379-g004){#fig-4}

The marker compositions of clusters M2 and M3 on the crus were found to be identical ([Table 3](#table-3){ref-type="table"}). For any of the tested marker clusters (M1, M2, and M3), the estimated C/C tilt and I/E rotation of the femur were considerably affected by STAs, for which the rmsd ranged from 5.4° to 8.1° ([Table 4](#table-4){ref-type="table"}). The rmsds in the L/M tilt were below 2.2° ([Table 4](#table-4){ref-type="table"}). Cranial tilts were observed during 0--20% and 75--100% GC, while caudal tilts were observed during 40--70% GC ([Fig. 5C](#fig-5){ref-type="fig"}). The use of M1 and M3 resulted in an averaged I/E rotation deviation of the femur up to approximately 5°, with relatively high between-subject variability ([Fig. 5B](#fig-5){ref-type="fig"}). The marker STAs showed slightly less of an influence on the estimated tibial orientation, in which I/E rotation, with an rmsd up to 4.6°, was the most affected component ([Table 4](#table-4){ref-type="table"}). Although considerable between-subjects variability was present, the marker-determined orientations for the crus showed an averaged external rotation of 4° with respect to the bone-determined poses using the M2 cluster near the paw strike period (0--10% and 90--100% GC) ([Fig. 5E](#fig-5){ref-type="fig"}).
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###### Marker compositions of the cluster used for kinematics analysis.
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  Marker cluster composition   Thigh                  Crus
  ---------------------------- ---------------------- --------------------
  Marker cluster \#1 (M1)      GT, LFC, CT1, CT3      FH, LM, PTC, DTC
  Marker cluster \#2 (M2)      LT1, LT2, CT2, LFC     LC2, LC3, CC2, CC3
  Marker cluster \#3 (M3)      LT1, LT2, CLT1, CLT2   LC2, LC3, CC2, CC3
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###### Root-mean-square deviations of segment and stifle kinematics.

![](peerj-08-9379-g009)

              Study       Stance phase (0--60%)   Swing phase (60--100%)   Full gait cycle (0--100%)                                                                              
  ----------- ----------- ----------------------- ------------------------ --------------------------- -------------- -------------- -------------- -------------- -------------- --------------
                          **Femur**                                                                                                                                               
                          **L/M tilt**            **I/E Rot.**             **C/C tilt**                **L/M tilt**   **I/E Rot.**   **C/C tilt**   **L/M tilt**   **I/E Rot.**   **C/C tilt**
  rmsd        M1          1.2 (0.7)               5.9 (2.0)                5.6 (1.8)                   1.4 (0.8)      5.6 (2.7)      5.7 (2.5)      1.3 (0.7)      5.9 (2.2)      5.7 (2.0)
  M2          1.9 (0.9)   6.4 (2.8)               5.3 (2.0)                1.8 (0.8)                   5.8 (2.7)      5.5 (2.5)      1.9 (0.8)      6.3 (2.5)      5.4 (2.0)      
  M3          1.9 (0.7)   6.8 (3.5)               8.2 (1.9)                2.6 (1.1)                   7.2 (2.9)      7.9 (3.0)      2.2 (0.8)      7.1 (3.1)      8.1 (2.2)      
  [@ref-4]    1.0 (0.6)   4.0 (2.3)               1.3 (0.5)                1.2 (0.6)                   4.4 (2.3)      3.9 (1.4)      n/a            n/a            n/a            
                          **Tibia**                                                                                                                                               
                          **L/M tilt**            **I/E Rot.**             **C/C tilt**                **L/M tilt**   **I/E Rot.**   **C/C tilt**   **L/M tilt**   **I/E Rot.**   **C/C tilt**
  rmsd        M1          0.6 (0.2)               3.3 (1.5)                1.4 (1.1)                   0.7 (0.2)      3.4 (1.2)      1.7 (1.1)      0.7 (0.2)      3.4 (1.3)      1.5 (1.1)
  M2/M3       1.8 (1.1)   4.4 (1.8)               1.6 (0.7)                2.1 (1.2)                   4.8 (1.6)      1.8 (0.8)      2.0 (1.1)      4.6 (1.7)      1.7 (0.7)      
  [@ref-4]    0.4 (0.2)   1.2 (0.6)               0.6 (0.3)                0.7 (0.2)                   1.9 (0.7)      1.0 (0.3)      n/a            n/a            n/a            
                          **Stifle joint**                                                                                                                                        
                          **Flex/Ext**            **Add/Abd**              **I/E Rot.**                **Flex/Ext**   **Add/Abd**    **I/E Rot.**   **Flex/Ext**   **Add/Abd**    **I/E Rot.**
  rmsd        M1          6.1 (2.6)               4.4 (1.9)                5.0 (1.2)                   6.7 (3.4)      4.4 (3.0)      4.4 (1.3)      6.4 (2.8)      4.5 (2.4)      4.8 (1.2)
  M2          5.9 (2.8)   4.6 (2.4)               7.2 (4.0)                6.4 (3.2)                   4.9 (2.3)      7.0 (2.4)      6.2 (2.8)      4.8 (2.2)      7.2 (3.2)      
  M3          8.8 (2.5)   5.6 (3.7)               6.6 (2.9)                8.4 (3.8)                   6.5 (2.6)      6.7 (2.3)      8.7 (2.8)      6.1 (3.1)      6.7 (2.5)      
  [@ref-50]   n/a         n/a                     n/a                      n/a                         n/a            n/a            2.9            2.7            2.1            
  [@ref-4]    1.6 (0.5)   1.4 (0.7)               3.9 (2.0)                4.1 (1.4)                   3.0 (1.7)      3.8 (1.4)      n/a            n/a            n/a            
  [@ref-2]    n/a         n/a                     n/a                      n/a                         n/a            n/a            4.5            4.45           5.91           
  [@ref-49]   2.1 (0.9)   2.4 (0.4)               3.9 (1.6)                n/a                         n/a            n/a            n/a            n/a            n/a            

**Note:**

Means (standard deviations) of the root-mean-square deviations (rmsds) of the femoral and tibial orientations and stifle joint kinematics obtained by comparing the marker-determined and bone-determined kinematic variables. The values reported in the literature are also presented for comparison.

![Orientation deviations determined by skin markers with respect to the bone-determined poses.\
(A--C) Means (solid lines) and standard deviations (dashed lines) of the femoral orientation deviation angles with respect to the bone-determined poses using the three tested marker clusters (M1: blue lines; M2: red lines; M3: yellow lines). (D--F) Means (solid lines) and standard deviations (dashed lines) of the tibial orientation deviation angles determined using the M1 (blue lines) and the M2 and M3 clusters (red lines). Note that the M2 and M3 clusters on the crus are composed of the same markers.](peerj-08-9379-g005){#fig-5}

The marker-determined stifle kinematics deviated from the bone-determined kinematics, for which the maximum rmsds were 8.7°, 6.1° and 7.2° for Flex/Ext, Add/Abd and I/E rotation, respectively ([Table 4](#table-4){ref-type="table"}). The marker-determined stifle flexion angles were significantly higher during 40--60% GC (mean differences ≤ 13°) and lower during 80--90% GC (mean differences ≤9.9°), with slight differences among the tested clusters ([Table 5](#table-5){ref-type="table"}). Significant differences between the marker-determined and bone-determined angles were found in the transverse and dorsal planes, with mean differences up to 5.0° and 5.7°, respectively, and the STA had different influences among the tested clusters ([Table 5](#table-5){ref-type="table"}).

10.7717/peerj.9379/table-5

###### Influences of soft tissue artifacts on the calculated stifle angles with three tested marker clusters.

![](peerj-08-9379-g010)

  Gait cycle (%)   Flexion/extension (°)   Adduction/abduction (°)   Internal/External Rotation (°)                                                                                                                
  ---------------- ----------------------- ------------------------- -------------------------------- -------------- ----------- -------------- ------------ ------------- ----------- ----------- --------------- --------------
  0                38.7 ± 8.3              36.3 ± 9.6\*              36.5 ± 8.0                       33.1 ± 8.5\*   4.7 ± 3.6   5.5 ± 4.7      6.5 ± 6.4    6.0 ± 7.5     2.9 ± 6.6   1.4 ± 7.9   −2.5 ± 10.4\*   −1.9 ± 10.0
  10               43.7 ± 8.8              41.3 ± 10.1               41.3 ± 8.2                       39.4 ± 8.5\*   4.7 ± 3.3   3.8 ± 4.9      4.4 ± 6.2    4.8 ± 7.5     4.0 ± 7.1   4.5 ± 8.3   2.4 ± 11.1      2.4 ± 10.6
  20               45.4 ± 8.7              43.8 ± 9.9                43.7 ± 8.3                       42.8 ± 8.5     4.3 ± 3.0   3.5 ± 5.5      3.8 ± 6.9    4.9 ± 7.8     4.7 ± 7.4   4.7 ± 7.8   3.6 ± 10.8      3.4 ± 10.2
  30               45.7 ± 8.1              46.2 ± 10.0               46.3 ± 8.6                       46.6 ± 8.9     4.1 ± 2.8   1.7 ± 5.2      2.3 ± 6.5    3.7 ± 7.4     4.4 ± 7.7   5.3 ± 7.8   5.1 ± 11.1      4.5 ± 10.5
  40               45.3 ± 8.1              49.6 ± 10.2\*             49.4 ± 9.2\*                     51.8 ± 9.4\*   3.7 ± 3.3   0.4 ± 4.9\*    1.6 ± 6.6    4.0 ± 7.0     4.5 ± 7.8   6.2 ± 8.2   5.6 ± 11.3      4.8 ± 10.4
  50               45.0 ± 7.9              53.9 ± 10.1\*             52.7 ± 9.3\*                     58.0 ± 9.9\*   2.9 ± 3.6   −1.0 ± 4.8\*   1.6 ± 6.3    6.5 ± 7.5     5.7 ± 7.3   7.2 ± 8.1   4.3 ± 10.8      4.4 ± 9.9
  60               49.9 ± 7.2              57.9 ± 9.4\*              56.4 ± 9.0\*                     61.7 ± 9.7\*   2.7 ± 3.1   −1.0 ± 5.6     1.9 ± 6      7.7 ± 7.6\*   4.6 ± 6.1   5.6 ± 7.4   2.6 ± 9.8       2.9 ± 8.9
  70               70.8 ± 8.2              72.9 ± 9.0                69.6 ± 8.8                       74.1 ± 9.4\*   1.2 ± 3.5   −2.8 ± 5.4     −0.4 ± 6.4   6.1 ± 8.3\*   4.9 ± 6.1   6.5 ± 6.3   7.0 ± 8.7       7.8 ± 7.7\*
  80               77.6 ± 11.1             72.6 ± 10.7\*             69.8 ± 9.5\*                     69.4 ± 9.2\*   0.7 ± 4.1   −3.4 ± 6.4     −2.3 ± 7.4   1.8 ± 9.0     7.2 ± 5.7   9.2 ± 6.2   8.9 ± 8.6       8.3 ± 7.6
  90               47.6 ± 8.5              41.1 ± 10.2\*             41.7 ± 8.2\*                     37.7 ± 8.4\*   3.3 ± 3.7   1.6 ± 5.2      2.7 ± 6.4    5.9 ± 8.2     5.9 ± 5.6   5.5 ± 6.9   3.7 ± 10.6      0.8 ± 9.9\*
  100              39.0 ± 7.3              36.8 ± 9.2                37.2 ± 7.4                       33.9 ± 7.8\*   4.6 ± 3.8   5.2 ± 4.8      6.8 ± 6.3    6.2 ± 7.5     3.1 ± 6.3   1.6 ± 7.7   −2.6 ± 10.0\*   −2.0 ± 9.8\*

**Note:**

Means ± standard deviations of stifle flexion/extension, adduction/abduction and internal/external rotation obtained from bone-determined poses (Bone det.) and skin markers with three marker clusters (M1, M2 and M3) during gait. The data points were normalized for a complete gait cycle expressed in percent. The values marked with an asterisk indicates a significant difference (*p* \< 0.05) comparing to the bone-determined stifle kinematics.

Discussion
==========

The study first documented the amplitudes and patterns of STAs of markers on the thigh and crus and their influence on the estimation of segment 3D poses and stifle kinematics during canine ambulation via in vivo, 3D measurements. To faithfully reveal gait-induced STAs, we trained the dogs to walk on the treadmill prior to motion acquisition to increase the consistency of the gait characteristics and thus the STA patterns. In addition, multiple walking trials were performed for each subject, and the resulting STA outcomes were averaged over three trials to further diminish the within-subject variability of the STA quantities.

Directly comparing the marker STA magnitudes to those reported in our preceding study ([@ref-37]) was difficult, as STA is considered subject- and task-specific ([@ref-34]). In particular, prominent differences in the range of flexion angles can be found between the current and preceding studies owing to the different executed motion tasks (38.7--80.3° during gait and 32.4--124.3° during passive stifle motion). The hip and tarsal joint movements that involved during gait activities ([@ref-61]) were also largely restricted in our preceding studies ([@ref-37]; [@ref-43]). However, a comparison of the major STA components and distributions found in the two studies on medium-sized dogs showed that the marker STA on the cranial aspect of the thigh exhibited the largest amplitude and was distributed mainly in the P/D direction ([Figs. 2](#fig-2){ref-type="fig"}--[4](#fig-4){ref-type="fig"}). Both studies showed that the C/C displacement was the most prominent STA component for the lateral thigh markers, including those of the GT and LFC ([Figs. 2](#fig-2){ref-type="fig"}--[4](#fig-4){ref-type="fig"}). These STA patterns were also similar to those found in human gait ([@ref-2]; [@ref-62]). In comparison with the thigh markers, the crus markers, which were displaced with an average rmsa of less than 5.3 mm, appeared to be less influenced by the STA, in agreement with previous studies on dogs during passive flexion ([@ref-37]) and on human gait ([@ref-2]; [@ref-5]; [@ref-4]; [@ref-62]). The current findings, with a max. averaged rmsa of the thigh markers of up to 15.5 mm, which was clearly higher than that of the crus markers, showed an association with the circumference of the respective segments ([@ref-54]), indicating that the extent of soft tissue coverage may be one of the determinants of STAs in the canine hindlimb. This result was also demonstrated in another study conducted on sheep ([@ref-57]).

During initial paw contact, the CT1-3 and CLT1-3 markers were normally displaced distally relative to the locations in subject calibration ([Fig. 4B](#fig-4){ref-type="fig"}), which would tilt the estimated femoral poses cranially and thus lead to underestimated flexion angles, as indicated by the M1 and M3 clusters ([Table 5](#table-5){ref-type="table"}). The inertial effect of ground contact results in wobbling of the skin and muscle, as reported in a previous human STA study ([@ref-45]). However, the soft tissue wobbling following the paw contact, which is possibly present in canine dynamic ambulation, could not be clearly detectable in the present study owing to the limited sampling rate of the fluoroscopic imaging. During the stance phase (0--60% GC), the proximal and cranial displacement of the CT1-3, CLT1-3, LT1-3 and LFC markers and the caudal displacement of the GT marker ([Fig. 4B](#fig-4){ref-type="fig"}) contributed to a gradually increasing caudal tilt of the femur ([Fig. 5C](#fig-5){ref-type="fig"}), leading to the overestimation of stifle flexion during 40--60% GC ([Table 5](#table-5){ref-type="table"}). In comparison with the stifle flexion angle during the stance phase (≈11°), the simultaneous hip extension had a slightly greater magnitude (≈16° ([@ref-61])), which was expected to considerably impact the movement of thigh markers even though the corresponding parameters were not measurable in the study. During 60--80% GC, the thigh markers moved in the opposite direction as in the stance phase (0--60% GC) by greater distances ([Fig. 4D](#fig-4){ref-type="fig"}), gradually leading to cranial tilting of the femur ([Fig. 5C](#fig-5){ref-type="fig"}). These excessive marker displacements might be attributed to the approximately 30° stifle flexion ([Fig. 4A](#fig-4){ref-type="fig"}), as isolated stifle flexion has been reported to lead to considerable distal displacement of cranial thigh markers in a preceding study conducted on dogs with similar body morphologies ([@ref-37]).

The segment pose deviations in dogs were shown to be larger than those reported in a human STA study in terms of the rmsd ([@ref-4]), especially in the femoral C/C tilt component ([Table 4](#table-4){ref-type="table"}). Other than species-related skin properties ([@ref-7]) that may affect STA amplitudes, since leg length is shorter and thinner in dogs than in humans, the closer intermarker distances in dogs can theoretically yield a higher deviation of the estimated segment orientation caused by the marker STAs ([@ref-13]). A similar tendency can also be found when comparing the M1 and M3 clusters ([Tables 3](#table-3){ref-type="table"} and [4](#table-4){ref-type="table"}). In addition, 35 markers were used per segment in the study of [@ref-4], which was much more than that used in the current study (i.e., 4 markers) and should have also contributed to the diminished error amplitudes ([@ref-13]). Observations on the influences of STAs on canine pelvic limb kinematics were made with a 2D kinematics model ([@ref-29]), in which the stifle angles were derived with and without the assumption of fixed leg length. Even though a direct comparison of the current findings to those of the study by [@ref-29] is limited, as the employed kinematic models are different, smaller marker-determined flexion angles of the stifle during the swing phase (80--90% GC) were observed in both studies ([Table 5](#table-5){ref-type="table"}). The overall rmsd in the stifle flexion angle estimation, ranging from 6.2° to 8.7° ([Table 4](#table-4){ref-type="table"}), was also close to the previously reported value of 6.38° ([@ref-29]).

The rmsd of the femoral I/E rotation reached a maximum of 7.1° during the entire GC ([Table 4](#table-4){ref-type="table"}), comparable to the reported values in human gait ([@ref-5]; [@ref-4]), and was most susceptible to the STAs when using the M1 and M2 clusters. [@ref-4] and [@ref-49] both reported that during the stance phase, knee I/E rotation was the least accurate component. While the femoral I/E rotation deviation was shown to mostly influence the estimated knee I/E rotation in human gait ([@ref-5]), this scenario may not be completely applicable to canine gait. During a GC, the stifle joints of dogs are consistently kept in a more flexed position (38.7--80.3°) than those in human gait (1.0--68.6°) ([@ref-23]), which leads to different propagations of the femoral I/E rotation deviations to the errors of estimated stifle angles between the dog and human. Theoretically, with a certain femoral I/E rotation deviation, increasing the stifle flexion angles would enlarge the Add/Abd errors but diminish the I/E rotation errors of the stifle joint, as the joint coordinate system was applied in the description of joint angles ([@ref-25]). A similar scenario can be found in [@ref-5], in which the Add/Abd error of the knee is doubled in the swing phase compared to the value in the stance phase, given that the femoral deviations varied below 0.4° for the L/M tilt and I/E rotation components ([Table 4](#table-4){ref-type="table"}) and that flexion angles are considerably higher in the swing phase ([@ref-23]). Such influences on the estimated stifle angles could also be observed in 40--70% GC, during which an averaged femoral external rotation of 5° (when using the M1 cluster) ([Fig. 5B](#fig-5){ref-type="fig"}) deteriorated the overestimation of the abduction angle of the stifle joint ([Table 5](#table-5){ref-type="table"}) and vise versa (when using the M3 cluster).

The three marker clusters tested in the current study were not able to accurately reproduce the skeletal kinematics during active ambulation, in which the minimum rmsd of the estimated joint angles of the canine determined from any of the tested marker clusters was 4.5° ([Table 4](#table-4){ref-type="table"}). While the M3 cluster showed the smallest cumulative marker-level STAs, its performance in the determination of stifle angles was not as accurate as expected and not even comparable to that of the M1 and M2 clusters in primary motion component ([Tables 4](#table-4){ref-type="table"} and [5](#table-5){ref-type="table"}). The M3 cluster was found to be smaller in size than the other two clusters (where size is defined as the root-mean-square distance of the markers from their mean position ([@ref-13]); M1: 70.2 mm; M2: 50.8 mm; M3: 26.9 mm)) and was demonstrated to be more prone to segment pose errors due to the propagation of marker errors ([@ref-13]). The markers that were distributed concentratedly in a specific region were shown to have relatively similar STAs in magnitudes and directions ([Figs. 2](#fig-2){ref-type="fig"} and [3](#fig-3){ref-type="fig"}), which may have resulted in the rigid movement of clusters that cannot be addressed with commonly used pose estimators ([@ref-6]). It thus appears that solely choosing markers with smaller STAs was insufficient to ensure an accurate reproduction of the stifle kinematics. The configuration of the clusters, namely, the number of markers, the geometry characteristics described by the isotropic index, and the size and location of the cluster ([@ref-13]), should all be taken into account when designing marker clusters. Reproducible marker placement is another prerequisite for reliable kinematic measurements ([@ref-53]). Placing markers on anatomical landmarks near the joint lines, as was done for the M1 cluster, may be advantageous for the repeatability of marker placement ([@ref-60]) and for larger-sized clusters. However, in accordance with the literature on human STA, attention should also be paid to markers near the joints responsible for movement, as they are normally displaced substantially with respect to the underlying skeletons ([@ref-2]; [@ref-14]; [@ref-46]; [@ref-52]; [@ref-62]). Comprehensive drawing of the STA magnitude map ([@ref-5]) on the canine limb with a large number of markers is considered helpful for identifying the proper regions for marker attachment for canine motion analysis.

Kinematic changes associated with joint disorders and treatments are commonly quantified with marker-based motion capture systems ([@ref-11]; [@ref-59]). For instance, with marker-based gait analysis, [@ref-11] found that, compared to the preoperative values, the stifle extension angle of cranial cruciate ligament-deficient dogs increased approximately 5° postoperatively throughout the gait cycle. A similar clinical issue was recently investigated with model-based fluoroscopy analysis, which enabled the reporting of the stifle kinematics free from the influence of STAs ([@ref-58]). While there must have been some other differences regarding the subjects, surgical details and experimental conditions, etc. between studies, more pronounced flexion angle deviations (approximately 7--20°) in the postoperative stifle joint were observed in [@ref-58]. Although the association between STAs and physical changes related to surgical treatment and recovery is unclear, motion-dependent STA components (e.g., hip, stifle ([@ref-37]) and tarsal motion) are likely to increase uncertainty in the quantification of limb function changes considering the magnitudes of and variations in the stifle angle deviation caused by STAs during gait ([Tables 4](#table-4){ref-type="table"} and [5](#table-5){ref-type="table"}) and changes in joint motion patterns between pre- and postoperative conditions.

It has been acknowledged that STAs are affected by multiple factors ([@ref-9]; [@ref-14]; [@ref-35]; [@ref-55]), including adjacent joint motion, muscle contraction, tendon displacement, and body inertial effects. Examining STAs during GC could simultaneously involve all of these factors, which could help explain potential errors in marker-based 3D gait analysis, directly contributing to clinical gait analyses and orthopedic examinations. The primary concern of the approach is that the individual effects of each factor on STA behavior are concealed. Factor analysis of various motion tasks comprising different joint activities may help delineate the contributions of each STA factor. The present study recruited Taiwan dogs that were similar in body figure ([Table 1](#table-1){ref-type="table"}) in order to diminish the between-subject variability in the STAs. However, the differences in obesity- and breed-dependent body conformation together with their influences on gait mechanics ([@ref-1]; [@ref-10]; [@ref-64]) indicate that the current findings may not be representative of STA patterns in dogs with dissimilar body morphologies. Studies concentrating on between-breed and between-obesity comparisons of STA patterns may result in a better understanding of the STAs over multiple dog species. Another limitation is related to the limited sampling rate of the data, governed by the current fluoroscopy system (30 fps). High-frequency components of STAs ([@ref-20]), which may arise from inertial effects during high-speed contact with surrounding objects (e.g., paw contact), were inevitably obscured in the current study.

Conclusions
===========

The most prominent marker STAs occurred in the cranial aspect of the thigh during treadmill gait. The crus was less affected by STAs than the thigh. Regardless of the tested marker cluster used, the STAs resulted in orientation deviations from the estimated segment poses, especially in the C/C tilt of the femur and I/E rotation of both segments. The deviated orientations of the segments further led to considerable errors in estimated stifle angles, in which the Flex/Ext and I/E rotation were the most affected kinematic components. In general, the STAs resulted in overestimated flexion angles during the mid-to-terminal stance phase and underestimated flexion angles during the mid-to-terminal swing phases, whereas the selection of marker cluster differently affected the estimated Abd/Add and I/E rotation. Considerable effects of STAs on the marker-based 3D gait analysis of dogs were demonstrated, from which a priori knowledge of STAs and their impacts may help further the development of error-compensation methods.
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###### Marker coordinates data.

Three-dimensional coordinates of the markers on the thigh and crus.

###### 

Click here for additional data file.
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